The Early Evolution of the Tetrapod Humerus
seafloor anoxia during the mid-Proterozoic was expanded compared to today during at least two intervals separated by ϳ300 million years. The ␦ 97/95 Mo data are consistent with globally extensive seafloor anoxia persisting after oxygenation of the atmosphere ϳ2.3 Ga. The identification of mid-Proterozoic Mn oxides with a ␦ 97/95 Mo value ϳ2‰ lighter than in coeval euxinic sediments would strengthen these arguments. Nevertheless, the full impact of nearly a billion years of ocean anoxia on Proterozoic ecosystems and biogeochemical cycles must be seriously considered. A tetrapod humerus from the Late Devonian of Pennsylvania has a novel mix of primitive and derived characters. A comparative analysis of this fossil and other relevant humeri from the Devonian shows that the role of the limb in propping the body arose first in fish fins, not tetrapod limbs. The functional diversity of the earliest known limbs includes several different kinds of appendage design. This functional diversity was achieved with a humeral architecture that was remarkably conserved during the Devonian.
The evolution of limbed vertebrates from lobe-finned fish is one of the key transitions in the history of life. The origin of the tetrapod body plan has classically been associated with the invasion of land; accordingly, limbs were seen to have arisen to support and move the body in a terrestrial habitat (1, 2) . In recent years this view has changed with new descriptions of Devonian forms, such as Acanthostega (3, 4) . Although clearly a tetrapod, Acanthostega retains a variety of aquatic adaptations, including flipper-like appendages, internal gills, and a broad finned tail. Unfortunately, our limited ability to make comparisons between homologous features in the humeri of basal tetrapods and their closest fish relatives has hampered our understanding of the fin-limb transition. Theories about the origin of tetrapod limbs have relied mainly on comparisons of humeri of Carboniferous and Permian tetrapods with that of Eusthenopteron (5), a well-known Devonian lobe-finned fish. In recent years, these temporal and anatomical gaps have narrowed, with new descriptions of limbs of the basal tetrapods Acanthostega (3, 6) , Ichthyostega (7), and Tulerpeton (8) and emerging details of the pectoral fin in Panderichthys (9, 10), the most crownward fish on the tetrapod stem 
Consequently, we are unable to discern whether the new humerus is referable to Hynerpeton, Densignathus, or a third tetrapod taxon.
Our identification of ANSP 21350 as a tetrapod humerus is based on the presence of multiple shared derived features also seen in Acanthostega (Fig. 2) , Ichthyostega (7), and Tulerpeton (8) . These features include an Lshaped external outline in ventral or dorsal view (4), a distally extended ectepicondylar process ( Fig. 1, ectc; Fig. 2, no. 7) , a recess and incipient crest at the proximal union of ectepicondylar and entepicondylar processes (Fig. 2, no. 10), and a ventral ridge that runs nearly perpendicular to the long axis of the humeral shaft (Fig. 1 vnt; Fig. 2, no. 3 ). ANSP 21350, however, has several characters that are either unique or are narrowly distributed among other basal tetrapods. The posteromedial rim of the entepicondylar process is peculiarly robust and is drawn into dorsal and ventral processes that are otherwise seen most clearly in Ichthyostega (7) (Fig. 1, entc) . The ectepicondylar process extends more distally than in any other known early humerus, and the ventral ridge of ANSP 21350 is extraordinarily prominent and deeply sculpted. Primitive characters are also evident in the humerus. A distinct ventral ridge dominates the humerus of tristichopterid fish such as Eusthenopteron (Fig. 2, no. 3), where it runs diagonally across the ventral portion of the shaft. As in ANSP 21350, this ridge is continuous with the entepicondylar process and contains a homologous set of foramina on its proximal and distal margins. The presence of this primitive arrangement is particularly striking in a tetrapod humerus that is derived in other respects.
Panderichthyids and the most basal tetrapods underwent a reorganization of the upper limb in the Late Devonian. Compared to outgroups, Panderichthys, ANSP 21350, and Acanthostega (Fig. 2, anterior views) share a humeral shaft that is greatly flattened dorsoventrally. Along with this flattening, the humeral shaft contains expanded areas for muscle insertion on the dorsal surface both proximally and distally. The humeral head, either ball-shaped or ovoid in tristichopterid, osteolepid, and rhizodontid fish (4, 5) , becomes anteroposteriorly elongate and dorsoventrally flattened in Panderichthys, Acanthostega, and ANSP 21350. In the shoulder, the coracoid plate is expanded in the region where flexor muscles would attach. These features indicate that important shifts had already occurred before the origin of tetrapod limbs with digits (9) . Flattening of the humerus dorsoventrally implies that the flexor and extensor muscles have separated more com- pletely to different sides of the bone, thus minimizing the shoulder rotation that they can produce. In addition, the formation of an anteroposteriorly elongate strap-like humeral head implies that rotation at the shoulder was greatly restricted in Panderichthys and basal tetrapods. Therefore, the humerus of Panderichthys and basal tetrapods can be interpreted as being a broad platform for the insertion of extensor and flexor muscles that is less mobile than humeri of Eusthenopteron and other basal tetrapodomorphs.
The synapomorphies of more crownward tetrapod humeri, including ANSP 21350, correlate to a new orientation of the appendage on the body and an elaboration of the control of the distal limb skeleton. In all known early humeri, a ridge that runs perpendicular to the long axis of the humeral shaft is associated with a more laterally directed glenoid of the shoulder girdle. This suggests that the insertion of pectoralis musculature ran parallel to the body axis. The net effect of this new musculoskeletal arrangement is to minimize further the degree of shoulder level rotation during limb flexion. In addition, the expanded entepicondyle, elaborated surfaces around the epipodial facets, and extended ectepicondyle suggest enhanced distal limb musculature and motion.
With Ichthyostega, Tulerpeton, and Acanthostega, ANSP 21350 also reveals a diversity of limb design in the earliest tetrapods. The humeri of all known Devonian tetrapods differ in the size and orientation of entepicondyle, ectepicondyle, ventral ridge, and other areas for muscular insertion and origination. In particular, the limb of Acanthostega (3, 6) contrasts with the others in that it is distinctly broad and flattened. In this appendage, the humerus is relatively gracile, the epipodial facets face distally, and, as in Tulerpeton, the ventral ridge is barely present. In this respect, (Fig. 2) , are more robust and elaborate than those of Acanthostega. In addition, the ventral orientation of the epipodial facets contrasts with the more distal orientation of Acanthostega, Panderichthys, and Eusthenopteron. This ventral orientation implies that the limb of ANSP 21350 was limited in hyperextension and more flexed at the elbow than other Devonian taxa. The large epipodial facets, distally truncated yet massive entepicondyle, and elaborate distal areas for muscle attachment on ANSP 21350 indicate a greater range of ventrally directed motion for the radius and ulna than in Acanthostega. Acanthostega and ANSP 21350 represent two extremes of humeral design in the earliest tetrapods: one paddlelike, with a gracile humerus and distally facing epipodial facets, and the other with Cladogram of stem group tetrapod humeri spanning the fin-to-limb transition, each in four standardized views (horizontal rows); relationship scheme after (17) . The evolution of the tetrapod limb involved the compartmentalization of muscles, first dorsoventrally in outgroup fish and later proximodistally in early tetrapods. The first shift led to the separation of flexor and extensor muscles in tetrapods and their closest fish outgroups. Associated with this shift is the evolution of new surfaces for the attachment of muscles, a new flattened shape for the humeral body, and a new orientation between the major flexor and extensor muscles and the long axis of the humerus. At node A, primitive characters include a proximodistally short subcylindrical shaft with distally directed radial (1) and ulnal (2) articular surfaces; an oblique ventral ridge or crest (3) pierced by multiple foramina, extending posteriorly to a large entepicondylar process (4) with foramen (5, equivalent to a3 in Fig. 1) , and anteriorly to a pectoral process (6); and dorsally, a rounded ectepicondylar ridge (7) is aligned with the ulnal facet. At node B, synapomorphies include a dorsoventrally flattened shaft; an enlarged and posteriorly inclined ectepicondylar ridge (7), a broad shallow depression proximally for scapulohumeral muscle insertion (8) , and an enlarged area for muscle insertion above the radial condyle (9) . At node C, synapomorphies include a distally extended ectepicondylar process (7); a distinct recess and incipient crest (10) at the proximal union of ectepicondylar and entepicondylar processes; an enlarged and proximodistally expanded entepicondylar process; and a ventral crest (3) confluent with the posteromedial rim of the entepicondylar process (4), thus subparallel to the long axis of the humeral head and dividing the ventral surface into proximal and distal compartments. The putative humerus of Elginerpeton (18) becomes difficult to interpret in light of these observations, because it has none of the synapomorphies shown in Fig. 2 . By lacking the shared characters present in the most basal node, the identification of Elginerpeton as a tetrapod humerus would require both the evolution of unique features and the loss of all the apomorphies shared by tetrapods and their successive two outgroups. Eusthenopteron foordi, after (5); Panderichthys rhombolepis, after (10); Acanthostega gunnari, after (3).
robust flexor muscles at the shoulder and elbow, more permanent flexion at the elbow, and a greater range of motion distally.
Comparisons between the humeri of primitive fish and basal tetrapods reveal major functional stages in the origin of tetrapod limbs. The first important transformation happened in the common ancestor of panderichthyids and tetrapods: The humerus became a relatively immobile platform to support the body. The significance of this change is seen in correlated changes across the shoulder and humerus: in the expanded coracoid plate in the shoulder, the new flattened architecture of the humerus, the enhanced and reoriented muscular attachments, and the restricted rotatory movements possible at the articular surfaces of the shoulder. The new function of the appendage is not necessarily associated with adaptation to walking on land: Many of the changes seen in these Devonian taxa are also seen in modern fish, in which pectoral girdle enlargement, basal radial extension, and appendicular muscle elaboration are linked to trunk lifting and station holding in water (14, 15) . We argue that this function represents the intermediate condition between primitive steering and braking functions in fins (4, 16) and the derived aquatic or terrestrial walking gait. In this regard, the origin of tetrapods involved the evolution of increased mobility in distal parts of paired appendages but the retention of restricted mobility proximally. Recent discoveries reveal an increasing functional diversity within these earliest stages of tetrapod evolution, implying that there likely will be a corresponding variety of trackway patterns attributable to tetrapods within Devonian rocks.
